The taxonomic coherence and phylogenetic relationships of 11 planktonic heterocystous cyanobacterial isolates were examined by investigating two areas of the rRNA operon, the 16S rRNA gene (rrnS) and the internal transcribed spacer (ITS) located between the 16S rRNA and 23S rRNA genes. The rrnS sequences were determined for five strains, including representatives of Anabaena flos-aquae, Aphanizomenon flos-aquae, Nodularia sp. and two alkaliphilic planktonic members of the genera Anabaenopsis and Cyanospira, whose phylogenetic position was previously unknown. Comparison of the data with those previously published for individual groups of planktonic heterocystous cyanobacteria showed that, with the exception of members assigned to the genus Cylindrospermopsis, all the planktonic strains form a distinct subclade within the monophyletic clade of heterocystous cyanobacteria. Within this subclade five different phylogenetic clusters were distinguished. The phylogenetic groupings of Anabaena and Aphanizomenon strains within three of these clusters were not always consistent with their generic or specific assignments based on classical morphological definitions, and the high degree of sequence similarity between strains of Anabaenopsis and Cyanospira suggests that they may be assignable to a single genus. Ribotyping and additional studies performed on PCR amplicons of the 16S rDNA or the ITS for the 11 planktonic heterocystous strains demonstrated that they all contain multiple rrn operons and ITS regions of variable size. Finally, evidence is provided for intra-genomic sequence heterogeneity of the 16S rRNA genes within most of the individual isolates.
INTRODUCTION
In contrast to unicellular and filamentous non-heterocystous cyanobacterial strains, whose 16S rDNA sequences are dispersed in the phylogenetic tree and do not form clusters that are consistent with their classification, the heterocystous cyanobacteria form a monophyletic (Walsby, 1981) . Many also produce potent neuro-or hepatotoxins, or both (reviewed by Sivonen & Jones, 1999) and, as a consequence of their bouyancy, often accumulate in dense water-blooms that are dangerous for the health of fish, birds and mammals, including man. Detailed studies of phylogenetic relationships amongst these organisms have been mostly based on 16S rRNA gene sequences (Lyra et al., 1997 ; Barker et al., 1999 ; Beltran & Neilan, 2000 ; Lehtima$ ki et al., 2000 ; Li et al., 2000 ; Lyra et al., 2001 ; Moffitt et al., 2001 ; Saker & Neilan, 2001) . In some cases other sequences have been examined, for example those of the DNA-dependent RNA polymerase gene (rpoC1 ; Fergusson & Saint, 2000 ; Wilson et al., 2000) , the non-coding intergenic spacer of the phycocyanin operon (PC-IGS : Neilan et al., 1995 ; Barker et al., 1999 Barker et al., , 2000 Bolch et al., 1999) and the IGS between two adjacent copies of the gvpA gene encoding the major structural gas vesicle protein (Barker et al., 1999) .
The above studies emphasized individual genera or monophyletic groups of heterocystous cyanobacteria such as Nodularia spp. (Lehtima$ ki et al., 2000 ; Moffitt et al., 2001) , Anabaena circinalis (Beltran & Neilan, 2000) , Anabaena\Aphanizomenon strains (Lyra et al., 2001) or Cylindrospermopsis (Saker & Neilan, 2001) , and none defined the relationships between these groups. A comparison of these studies suggests the existence of five apparently monophyletic clusters of planktonic heterocystous cyanobacteria. One of these contains organisms assigned to two different genera, Anabaena and Aphanizomenon. A second cluster regroups only species of Anabaena. The third lineage is mainly composed of strains identified as Anabaena circinalis, but also contains a strain named as Anabaena affinis (Beltran & Neilan, 2000) . However, for members of these three clusters, the strain descriptions were often insufficient to exclude the possibility that representatives of a single species may carry different specific epithets, or that strains of the same morphotype may have different names, as a consequence of the subtle definitions that discriminate between these botanical ' species'. The two remaining clusters are respectively represented by planktonic and non-planktonic members of the genus Nodularia and isolates of the tropical planktonic species Cylindrospermopsis raciborskii. Phylogenetic studies of these latter organisms were accompanied by more detailed descriptions (Barker et al., 1999 ; Bolch et al., 1999 ; Lehtima$ ki et al., 2000 ; Saker & Neilan, 2001 ). The characteristic cell morphology or heterocyst differentiation patterns of members of these two clusters are more easily recognizable than those of strains of the first three clusters and thus facilitate identification, at least at the generic level. Within each of the five clusters, the 16S rDNA sequence similarity is so high as to suggest either that their members may be assignable to a single species, or that the resolving power of the analysis is insufficient to distinguish different species, or even different genera.
In this work, to futher study the taxonomic and phylogenetic relationships of the planktonic heterocystous strains, 11 well-characterized isolates were examined by investigating the 16S rRNA gene and the internal transcribed spacer (ITS) located between the 16S rRNA and 23S rRNA genes. The sequences of the 16S rRNA genes of five isolates were determined. Three strains (Aphanizomenon flos-aquae PCC 7905, Anabaena flos-aquae PCC 9302 and Nodularia sp. PCC 9350) represent three of the five clusters described above. The alkaliphilic planktonic members of the genera Anabaenopsis (PCC 9215) and Cyanospira (PCC 9501), which share a coiled trichome morphology and whose phylogenetic position was previously unknown, were examined for the first time. We also studied the relationships of these five strains to those of six additional isolates by RFLP analyses of their 16S rDNA amplicons. The number and size differences of the ITS region in all 11 strains were examined by PCR amplification. A preliminary account of some aspects of this study was presented by Iteman et al. (1999) .
METHODS
Organisms. All cyanobacterial strains (Table 1) were axenic and were obtained from the Pasteur Culture Collection of Cyanobacteria (PCC), Unite! des Cyanobacte! ries, Institut Pasteur (Rippka & Herdman, 1992 ; http :\\www.pasteur.fr\ recherche\banques\PCC\). Nostoc PCC 7120 and the unicellular Synechocystis PCC 6803 were used as reference strains in certain experiments. Escherichia coli strain JM109, provided with the cloning kit (Promega), was employed for transformation with the plasmid containing the polymerase chain reaction (PCR) products (16S rDNA or ITS domain).
Media and growth. The following liquid culture media, developed from BG-11 ! (Rippka et al., 1979) (Turks Island Salts, 20 %, v\v, Merck Index 9954) , for Nodularia sp. PCC 9350. In later experiments, the concentration of NaHCO $ in medium a was reduced to 5 mM (l medium e) for Anabaena flos-aquae PCC 9332, Aphanizomenon flos-aquae PCC 7905 and Nostoc PCC 7120, since cell morphology seemed more uniform as judged by microscopic inspection. Synechocystis PCC 6803 was cultivated in medium BG-11 (Rippka et al., 1979) . Stock cultures were grown without gassing in 100 ml flasks containing 40 ml of the appropriate medium. Incubation was at 23 mC under white light (Osram Universal White) at a photosynthetic photon flux density of 10 µmol quanta m − # s − " (measured with a LICOR LI-185B quantum\radiometer\ photometer equipped with a LI-190SB quantum sensor) provided over a light\dark cycle of 14 h\10 h. Sampling for PCR amplifications was performed on cultures with a filament density equivalent to an OD (&! 0n8-1n0 as judged by eye. E. coli JM109 was grown at 37 mC in Luria-Bertani medium with ampicillin (50 µg ml − ").
Salinity and temperature maxima for growth. The growth responses to different salinities or temperatures of the 11 planktonic strains were examined in test tubes (18 mm Mahmood & Carmichael, 1986 (strain NRC 525-17) ; (2), Booker & Walsby, 1979 ; (3), Carmichael & Gorham, 1980 (strain A113, UTEX LB 2391) ; (4), Zevenboom et al., 1981 ; (5) , Rippka & Herdman, 1992 ; (6) , R. Rippka, unpublished ; (7), Schlo$ sser, 1994 (strain SAG 252.80) ; (8), Florenzano et al., 1985 (strains Mag I 504 and Mag II 702) ; (9), Martin et al., 1990 (strain AV2) . § Strains having lost the ability to produce heterocysts, before deposition in the PCC. R Straight variant. ¶ Cell diameter, presence of gas vesicle clusters and its original habitat place this strain close to the species Nodularia spumigena or Nodularia litorea (Barker et al., 1999) . diameter) containing 6 ml medium. For the salinity tests, medium a was used for all strains (except for strains PCC 9302 and PCC 9349, for which medium b was employed), with or without a supplement of Turks Island Salts to give the equivalent of 0n25, 0n5, 1 and 2 times the salinity of seawater. This allowed verification of whether the high NaHCO $ \ Na # CO $ concentration in the maintenance medium c for Anabaenopsis PCC 9420 and the two strains of Cyanospira was necessary in the presence of elevated salt concentrations. Incubation conditions were as described for the stock cultures. Testing for temperature tolerance was performed in medium a (PCC 9215, PCC 9216 and PCC 9608), medium b (PCC 9302 and PCC 9349), medium e (PCC 7905 and PCC 9332) and medium a supplemented with 0n2i Turks Island Salts, found to be optimal for the remaining strains. For lack of incubators providing both different temperatures and a light\dark regime, the cultures were incubated at 23, 30 and 37 mC, receiving an irradiance of 7 µmol quanta m − # s − " of continuous white light.
Photomicroscopy. Filament suspensions were placed onto dry agarose-coated slides (2 %, w\v, in sterile H # O) and photographed using Plan-Neofluar objectives (40i\0n75 Ph or 100i\130 Oil Ph3) and an Axioskop 2 microscope (Carl Zeiss Jena). Images were taken with a CCD camera (DEI-750 ; Optronics Engineering) fitted to the camera port of the microscope, transferred to a PC and further processed with Paint Shop Pro 4 (JASC) and Photoshop 5.0 (Adobe Europe).
DNA extraction and amplification of the 16S rRNA gene and ITS. PCR amplification was performed on purified DNA or directly on cell lysates as described previously (Iteman et al., 2000) . Amplification of the 16S rRNA gene was carried out by PCR using primers A2 and S17 ( Table 2 ). The size of the amplicon was 1451 bp versus 1489 bp for the whole gene. The ITS region was amplified by using primers 322 and 340 ( Table  2 ). The PCR products were migrated on 2n5% (w\v) agarose gels and visualized on a UV table after staining with ethidium bromide. To study the heterogeneity of the 16S rRNA genes within the genome of Anabaena flos-aquae PCC 9302, an amplification with primers 318 and S11 (Table 2) was made directly on cells following three washings in sterile H # O. The PCR products (569 bp) of four independent reactions were mixed and cloned into the pGEM-T vector (Promega) after purification with PCR purification kit (Qiagen), as described by Iteman et al. (2000) . For a random selection of the positive clones, an amplification reaction (four tubes per clone) was performed using oligonucleotides complementary to the flanking M13 primer sites of the vector, and the PCR products of each were pooled prior to sequencing.
Sequencing of the 16S rRNA gene. After purification by Wizard PCR kit (Promega), three or more independent PCR products of the 16S rDNA were mixed and sequenced directly on both strands with the T7 sequencing kit (Pharmacia) using the primers shown in Table 2 , or cloned in the pGEM-T vector (Iteman et al., 2000) ; three clones of each were mixed and sequenced on both strands using the two M13 primer sites on the vector and the primers listed in Table 2 . The shorter sequences of the cloned 16S rDNA of Anabaena flos-aquae PCC 9302 were sequenced from the M13 primer sites of the vector. The sequences determined have been deposited in Ribotyping. The genomic DNA of the 11 planktonic heterocystous strains, together with that of Synechocystis PCC 6803 as control, was prepared from large-volume cultures (400 ml). After centrifugation, the pellet was resuspended in 20 ml NET buffer (1 M NaCl, 100 mM EDTA and 6 mM Tris\HCl, pH 8n0) containing lysozyme (2 mg ml − "). After at least 3 h at 37 mC, during which lysis was verified several times by microscopic observation, the cells were centrifuged (10 000 g for 15 min). The DNA released into the supernatant was recovered by precipitation with an equal volume of 2-propanol and centrifugation (10 000 g for 15 min). The crude DNA pellet was resuspended in 10 ml 1iTE buffer (100 mM Tris\HCl and EDTA 1 mM, pH 7n4) and deproteinized with an equal volume of phenol\chloroform\isoamyl alcohol (25 : 24 : 1, by vol.), followed by extraction with chloroform\ isoamyl alcohol (24 : 1, v\v). For strains PCC 7905, PCC 9332, PCC 9350 and PCC 9608, whose lysis was less efficient, the cell pellet fractions were also resuspended in 10 ml 1iTE buffer and deproteinized separately. Finally, the purified DNA of all fractions was precipitated by addition of 0n1 vol. sodium acetate solution (3 M ; pH 5n2) and 1 vol. 2-propanol. After overnight incubation at 4 mC and centrifugation at 10 000 g for 30 min, all DNA precipitates were dried under vacuum and resuspended in 300 µl to 1 ml 0n1iTE buffer. DNA from supernatant and pellet fractions was pooled. Five microlitres of each DNA were restricted using EcoRV or HindIII according to the manufacturer's instructions and the restriction products were migrated on 0n8% (w\v) agarose gel (Litex FMC) in 1iTris\borate\EDTA buffer (Sambrook et al., 1989) . After visualization of the bands by staining with ethidium bromide, the digested DNA was transferred by Southern blotting (Sambrook et al., 1989) from the agarose gel to a nylon membrane (Amersham Pharmacia Biotech) after alkaline denaturation (0n5 M NaOH and 1n5 M NaCl) and a step of neutralization (0n02 M NaOH and 1 M ammonium acetate). The membranes were washed with 2iSSC (300 mM NaCl and 30 mM sodium citrate, pH 7n0), air-dried and exposed under UV light to fix the DNA fragments. The nonradioactive probe labelling, the step of prehybridization and hybridization of the membrane and the detection reaction were performed using the ECL random prime labelling and detection kit according to the manufacturer's instructions (Amersham Pharmacia Biotech). The probe was the PCR product corresponding to the 16S rDNA of Nostoc PCC 7120.
RFLP of PCR products corresponding to the 16S rRNA gene.
The PCR products (10 µl) corresponding to the 16S rRNA genes of the 11 planktonic strains and Nostoc PCC 7120 were Rippka et al. (1979) ; (2), Lyra et al. (2001) ; (3), Beltran & Neilan (2000) ; (4), Carmichael & Gorham (1978) ; (5), Barker et al. (2000) ; (6), Lehtima$ ki et al. (2000) ; (7), Barker et al. (1999) ; (8), Miao et al. (1997) .
digested with each of 12 restriction enzymes (AluI, BanII, BspMI, DdeI, HaeII, NheI, NruI, PstI, RsaI, SacI, SphI and XcmI) according to the manufacturer's instructions. The digestions were migrated in 2n5% (w\v) agarose gel (Litex FMC) in 1i Tris\borate\EDTA buffer at 100 V. The gels were stained with ethidium bromide, visualized on a UV table and photographed. The PCR product of the 16S rRNA gene of Nostoc PCC 7120 was used as reference restriction profile. The presence or absence of each restriction band was recorded in a matrix, and the dataset was analysed by distance methods in the software package  ( Van de Peer & De Wachter, 1994) .
Phylogenetic analysis. The 16S rRNA sequences were aligned in the  editor (http :\\www.mikro.biologie.tu-muenchen. de\pub\ARB\) with a representative dataset of sequences of other heterocystous cyanobacteria. The sequences employed (with GenBank accession numbers) are shown in Table 3 . Relationships between the strains were inferred by distance methods in , in  ( Van de Peer & De Wachter, 1994) and by the maximum-likelihood method (fastDNAml v 1.1 ; Olsen et al., 1994) . Highly variable regions of uncertain alignment and those that had gaps in more than 60 % of the sequences were excluded from the analysis, resulting in a total of 1412 comparable positions. The phylogenetic tree ( Fig. 2) was midpoint rooted using the non-heterocystous Leptolyngbya boryana PCC 73110 (accession number X84810) as outgroup. A second tree ( Fig. 7) was inferred with the same methods but employing all positions of two short (569 bases) sequences of individual clones of the Anabaena flos-aquae PCC 9302 16S rRNA genes and the corresponding region from several close relatives.
RESULTS

Strain properties
The characteristics of the cyanobacterial genera examined in this study have been described by Rippka et al. (2001) and representatives for which new 16S rDNA sequences were determined are illustrated in Fig. 1 . Since the strain Anabaena flos-aquae PCC 9302 (Fig. 1a) is a mutant incapable of forming mature heterocysts, a more typical member of this species (PCC 9332) is also shown (Fig. 1b) . The known properties of all 11 strains studied are summarized in Table 1 . Organisms assigned to Anabaena flos-aquae are typically characterized by barrel-shaped or cylindrical cells, with relatively deep constrictions (Fig. 1b) . However, variation in trichome morphology within this ' species' is evidenced by the absence of pronounced constrictions between the cells of strain PCC 9302 (Fig. 1a) . Members of the genus Aphanizomenon (Fig. 1c) differ by classical definition from Anabaena flos-aquae primarily in possessing cylindrical cells, significantly longer than wide, constrictions between the cells being shallow. Trichome ends are slightly attenuated, unlike those of Anabaena flosaquae. The distinction between Aphanizomenon flosaquae, Anabaena flos-aquae and certain other Anabaena spp. being often difficult (compare Fig. 1a with Fig. 1c ), these organisms were included in this study in an attempt to identify potential relatives for which sequence data are available. Members of the genus Nodularia are easily recognized by the discoid cells of their trichomes (Fig. 1d) . Members of the genus Anabaenopsis (Jeeji-Bai et al., 1977 ; Rippka et al., 2001 ) possess 8-16 cells in short loosely coiled trichomes with terminal heterocysts (Fig. 1e) . De novo heterocyst differentiation always occurs in pairs after asymmetric cell division in the centre of the trichome (Fig. 1e) . Strains of Cyanospira ( Fig. 1f ; Table 1 ) differ from Anabaenopsis in possessing longer trichomes that consist of several coils in which heterocysts do not occur in pairs (Florenzano et al., 1985) ; however, filament breakage at positions adjacent to the heterocysts often produces short trichomes (Fig.  1f ) that superficially resemble those of Anabaenopsis.
Phylogenetic relationships between the planktonic heterocystous cyanobacteria
The sequence of the 16S rRNA gene was determined for five gas-vacuolate planktonic cyanobacterial strains (Anabaena flos-aquae PCC 9302, Aphanizomenon flosaquae PCC 7905, Nodularia sp. PCC 9350, Anabaenopsis sp. PCC 9215 and Cyanospira rippkae PCC 9501). The sequences were compared with those of representative heterocystous cyanobacteria available in GenBank. Phylogenetic trees were inferred by both maximum-likelihood and distance methods, which gave similar results. In contrast to those published previously, the tree presented (Fig. 2) is representative of all sequences presently available for planktonic heterocystous cyanobacterial genera or species. With the exception of Cylindrospermopsis raciborskii, whose position varied in trees inferred with the different methods but was never found to group with the other planktonic organisms, the strains can be assigned to five clusters (Fig. 2) that each internally show a high degree of sequence similarity. The clusters are well supported by bootstrap analysis and partly reflect the morphological similarity of the organisms (Fig. 1) . Cluster I contains several strains of Aphanizomenon, including PCC 7905, together with two strains previously identified as Anabaena flos-aquae and Anabaena sp. (Carmichael & Gorham, 1978 ; Lyra et al., 1997) . The sequences show a minimal similarity of 99n7 % (between Aphanizomenon flos-aquae PCC 7905 and Anabaena flos-aquae NRC44-1). Cluster II is composed of four strains, selected from 21 identified as Anabaena circinalis by Beltran & Neilan (2000) , that exhibit a minimal similarity of 98n8 %, and a more distantly related strain identified as Anabaena flos-aquae AWQC112D (Beltran & Neilan, 2000) that shows a mean similarity of 98n3% to the other members. Cluster III, containing Anabaena flos-aquae PCC 9302, also comprises several other strains identified (Lyra et al., 1997) as planktonic species of Anabaena that exhibit a minimum similarity of 98n9 %. Although strain PCC 9302 was rendered axenic from a culture of Anabaena flos-aquae NRC525-17 obtained directly from W. W. Carmichael, its 16S rDNA sequence shows only 97n2 % similarity with that determined for the non-axenic strain NRC525-17 by Beltran & Neilan (2000) . Since the latter sequence clearly falls outside cluster III (Fig. 2) , it is unlikely that strain PCC 9302 is coidentic with the isolate studied by Beltran & Neilan (2000) . In addition to high internal similarity, the members of clusters I to III, which contain strains named as Aphanizomenon flos-aquae or Aphanizomenon sp., Anabaena circinalis, Anabaena flosaquae, Anabaena lemmermannii or Anabaena sp., are also closely related to each other. For example, the sequence of Aphanizomenon flos-aquae PCC 7905 (cluster I) shares 97n2 % similarity with that of Anabaena flos-aquae PCC 9302 (cluster III) and 96n7 % similarity with Anabaena circinalis strain 306A (cluster II), and the latter sequence has 96n6 % similarity with that of strain PCC 9302.
Five Nodularia strains, including both gas-vesicleforming (PCC 9350, BCNOD9427 and NSPI-05) and non-planktonic members (PCC 73104 and PCC 7804), form a closely related group (cluster IV) with a minimum similarity of 98n2 %. Cluster V, composed of Anabaenopsis sp. PCC 9215 and Cyanospira rippkae PCC 9501, which share 98n1 % sequence similarity, is new, since data were not previously available for these genera.
The similarities between members of clusters IV and V are again relatively high, the 16S rDNA sequence of Planktonic heterocystous cyanobacteria Wachter, 1994) and with the default transition/transversion ratio (2n00) giving a transition/transversion parameter of 1n45585 in fastDNAml (Olsen et al., 1994) .
94n4 % and 94n2 % sequence similarity to members of clusters I and III, respectively.
Cylindrospermopsis raciborskii (Seenayya & SubbaRaju, 1972 ) is morphologically distinct from all other planktonic cyanobacteria, being distinguished by the thin trichomes (less than 4 µm diameter) that may be loosely coiled and contain cylindrical cells. Heterocysts are conical to spear-shaped and occur exclusively at the ends of the trichome. Although represented by only a single strain in Fig. 2 , organisms assigned to this species are closely related (Saker & Neilan, 2001) , showing at least 99n8 % sequence similarity, and are united into cluster VI. The present analysis reveals that this cluster is genetically distant from all other planktonic heterocystous cyanobacteria.
The closest relatives to members of clusters I to V are two strains of Anabaena cylindrica (PCC 7122 and NIES 19) that do not form gas vesicles, are motile and correspond to a species that has never been associated with bloom formation. The former strain shows 95n6% sequence similarity to, for example, Nodularia sp. PCC 7804 in cluster IV. However, it is evident that strains presently assigned to the genus Anabaena are very diverse, since strains carrying the latter generic epithet are dispersed throughout the tree, with Anabaena PCC 7108 being only distantly related both to the planktonic Anabaena spp. and to the A. cylindrica strains (Fig. 2) . At the root of the heterocystous cyanobacterial tree lie three Calothrix strains, characterized by filaments containing heterocysts principally in a basal position, with the trichome tapering from base to apex (see Rippka et al., 1979 Rippka et al., , 2001 , and the heavily ensheathed Scytonema hofmanni PCC 7110, which differentiates heterocysts generally in intercalary positions. The available sequences of members of the genus Nostoc fall into two different branches of the tree. Three organisms cluster closely with Nostoc punctiforme PCC 73102, which has been proposed as type strain of this species (Rippka & Herdman, 1992 ; Rippka et al., 2001) . However, the atypical Nostoc sp. strains PCC 7118 and PCC 7120 (see Rippka et al., 2001) , together with a strain named as Anabaena variabilis (NIES 23), are clearly separated from the N. punctiforme group, being more closely related (96n9%) to Cylindrospermum stagnale PCC 7417. Finally, three strains assigned to the order Stigonematales (Chlorogloeopsis fritschii PCC 6718, Fischerella muscicola PCC 7414 and ' Mastigocladus HTF ' PCC 7518) cluster within the heterocystous members of the order Nostocales, as previously observed (Giovannoni et al., 1988 ; Turner, 1997 ; Wilmotte & Herdman, 2001 ).
Multiple rRNA operons
A typical ribotype pattern, obtained following digestion of total DNA with HindIII, is shown in Fig. 3 . This enzyme has no recognition site in any of the 16S rDNA sequences available for planktonic heterocystous strains, and resulted in four bands (Anabaenopsis strains PCC 9215, PCC 9216, PCC 9420 and PCC 9608 ; Cyanospira strains PCC 9501 and PCC 9502 ; Nodularia PCC 9350) or five bands (Anabaena flos-aquae strains PCC 9302, PCC 9332 and PCC 9349 ; Aphanizomenon flos-aquae PCC 7905) after Southern hybridization with the 16S rDNA probe. In contrast, restriction of genomic DNA of the unicellular strain Synechocystis PCC 6803 (whose 16S rDNA also lacks HindIII sites) indicated that this isolate contained only two copies of the operon (Fig. 3) , consistent with the published genome sequence (Kaneko et al., 1996) . Since the bands of higher molecular mass in the heterocystous strains are of size sufficient to contain two or more copies of the rrn operon, the total DNA was also restricted with EcoRV, which has a single recognition site within the 16S rDNA of each organism for which this sequence is available. With this enzyme, 8 or 10 hybridizing bands were revealed (data not shown), as expected if only a single copy of the operon was present in each HindIII band. Seven strains were thus shown to possess four copies of the rrn operon, and four strains contained five copies. Within genera for which several strains were examined, each showed a distinct ribotype pattern.
The number and size of the internal transcribed spacer (ITS)
The set of primers (322-340) used to amplify the ITS gave three bands of different intensities for members of the genera Anabaenopsis, Aphanizomenon, Cyanospira and Nodularia, as previously described for Nostoc PCC 7120 (Iteman et al., 2000) . The amplicons ranged in size from 470 to 880 bp (Fig. 4) . Since the first primer recognition site is located around 150 bp before the 3h end of the 16S rRNA gene and the second is near the 5h end of the 23S rRNA gene, the amplified fragments correspond to the length of the ITS plus a total of 200 bp from the adjacent genes and therefore represent ITS regions of length 270 to 680 bp. As in Nostoc PCC 7120 (Iteman et al., 2000) , the intermediate bands observed for each organism are most likely heteroduplexes, formed during the PCR amplification by reannealing of single strands of the different ITS species (Jensen et al., 1993 ; Iteman et al., 2000) . Aphanizomenon PCC 7905 and Nostoc PCC 7120 shared an almost identical ITS banding pattern and thus cannot be easily distinguished by this analysis. Amongst the four strains of Anabaenopsis, three (PCC 9215, PCC 9216 and PCC 9608) had identical patterns, whereas the African isolate Anabaenopsis elenkinii PCC 9420 was markedly different. The two strains of Cyanospira (PCC 9501 and PCC 9502), despite their different specific designations (Florenzano et al., 1985) , had identical profiles (Fig. 4) and were therefore indistinguishable in the ITS region. In contrast, the three strains of Anabaena flos-aquae each gave rise to four bands, again with possible heteroduplexes, and all showed individual ITS patterns (Fig. 4) . Unlike the 340, 300, 195, 125, 120, 110, 95 340, 220d, 195, 190, 120 340, 210, 195, 190, 125, 120, 95 300, 220d, 195d, 190 340, 225, 205, 190, 135, 125 (1285) ( 
heterocystous strains, the unicellular Synechocystis PCC 6803 gave only a single ITS amplicon (Fig. 4) , as discussed by Iteman et al. (2000) .
RFLP of the 16S rRNA gene
The 11 strains (Table 1) were examined by fingerprinting (RFLP) of the 1450 bp PCR product corresponding to the 16S rRNA gene, Nostoc PCC 7120 being used as a control of restriction profiles. Depending on the strain and the restriction enzyme employed, the patterns were composed of 1 to 7 bands between 95 and 1450 bp (Table 4 ). The dendrogram derived from the analysis with 12 restriction enzymes (Fig. 5) is consistent with the phylogenetic tree obtained with the 16S rRNA gene sequences (Fig. 2) . The four strains of Anabaenopsis and the two strains of Cyanospira are resolved as two relatively closely related genetic entities, and cluster with Nodularia PCC 9350. Anabaena flos-aquae and Aphanizomenon strains are separated on different branches. Restriction sites that would generate the RFLP patterns observed for Aphanizomenon PCC 7905 with the 12 enzymes employed were also found by in silico analysis of the 16S rRNA gene sequences of Aphanizomenon strains TR183, BC9601 and 202, and Anabaena strain 86, in agreement with their grouping in the 16S rDNA tree (Fig. 2) . Strains within the genus Cyanospira and those of Anabaena flos-aquae were not further (Beltran & Neilan, 2000) for Anabaena flos-aquae strain NRC525-17, which is clearly different from both sequences of the supposedly coidentic and axenic subisolate PCC 9302.
resolved in this analysis, while the four strains of Anabaenopsis were clearly distinguished from each other, the African strain PCC 9420 being more divergent from the European isolates (PCC 9215 and PCC 9216 from Spain, PCC 9608 from Sweden).
Sequence heterogeneity within 16S rRNA genes of individual strains
In many cases, the sum of the band sizes obtained by restriction enzyme analysis considerably exceeded the length of the amplicon, 1450 bp (Table 4) . This phenomenon could result from sequence variations in the multiple 16S rRNA genes within individual strains. To investigate this hypothesis, the RsaI restriction pattern deduced by in silico analysis from the 16S rRNA gene sequence of strain Anabaena flos-aquae PCC 9302, containing five fragments of 420, 406, 340, 160 and 122 bp sequentially from the 5h end of the amplicon, was compared to those of two other strains (Anabaena flosaquae NRC525-17 and Anabaena sp. strain 90). An additional site was found within the 406 bp fragment of the latter two strains that would yield bands of 369 and 37 bp, the larger one having a size remarkably close to the 370 bp RsaI band of the strain PCC 9302. The region covering this hypothetical RsaI site and corresponding to positions 462-1030 of Synechocystis PCC 6803 (E. coli positions 516-1083) was sequenced in 14 clones of the 16S rDNA of strain PCC 9302. Six clones contained the RsaI site at the anticipated position, the remainder did not. The two sequences of PCC 9302 differ in a total of 6 out of 569 positions. The less frequent sequence (represented by clone 2) contains the base A at position 341 that creates the GTAC site for RsaI. This change is compensated by base T at position 316 (Fig. 6 ) that maintains the base pairing. Since strain PCC 9302 was shown by ribotyping to possess five rrn operons, the ratio (8 : 6) of the different sequences among the clones suggests that three operons contain the majority 16S rDNA sequence (clone 15, Fig. 6 ) and that two contain the less frequent one (clone 2). The sequences were compared with that of Anabaena flos- 2 ). The tree, based on 569 sequence positions, was inferred using the Jukes & Cantor algorithm and the neighbour-joining option in the software package ARB, and was subjected to 1000 bootstrap replicates. Identical tree topologies, well supported by bootstrap analysis, were obtained using the Jin & Nei algorithm, and fastDNAml, where each branch showed a significantly positive length at P 0n01.
aquae NRC525-17, which differs in 21 positions from both sequences of strain PCC 9302. The difference (1n3 %) between the two 16S rDNA sequences of Anabaena flos-aquae PCC 9302 is the same as the maximal difference observed within cluster III (Fig. 2) and is sufficient to make them appear as two different taxonomic units, more distant from each other than is the major sequence from that of Anabaena strain 90 (Fig. 7) .
DISCUSSION
It is generally accepted for bacteria that a 16S rDNA sequence similarity of 96-97 % and DNA-DNA hybridization values of 70 % relative binding (RB) with a ∆T m of 5 mC represent the lower boundary of a species (Wayne et al., 1987) , and that a genus may be defined by species with 95 % or greater sequence similarity (Ludwig et al., 1998) . However, Rossello! -Mora & Amann (2001) suggested that values as low as 50 % RB and a ∆T m of 7 mC may be employed for the delineation of species, and also showed that sequence similarity is often greater than 98-99 % when total DNA similarity is as low as 10-40 % RB. Similar conclusions were presented by Keswani & Whitman (2001) , who also showed that the relationship between RB and sequence similarity varies even within the same subphylum. It therefore seems that 16S rDNA sequence similarity does not always adequately reflect total genomic relationships. A comparison of cyanobacterial sequence similarity ( Fig. 2 It is therefore difficult at present to define the generic or specific status of the five clusters of planktonic heterocystous cyanobacteria on the basis of 16S rDNA sequence homology, and it appears that the classical morphological definitions of the corresponding taxa may in some cases be inadequate. Turner (1997) suggested that, although cyanobacterial 16S rRNA sequence comparisons are not suitable for resolution below the level of genus, generic assignments appear to correlate with sequence data. However, Lyra et al. (2001) showed a close phylogenetic relationship between non-toxic Aphanizomenon and neurotoxic Anabaena isolates originating from Finland, Norway, the Baltic Sea, Holland and Japan. The present results additionally show that strains named as Aphanizomenon flos-aquae, Anabaena flos-aquae and Anabaena circinalis, although falling into three clusters, are not entirely resolved according to their specific or generic assignments. The subclade containing the Nodularia, Anabaenopsis and Cyanospira clusters is clearly separated from the three clusters containing Anabaena and Aphanizomenon strains, although the low degree of sequence divergence (particularly for Anabaenopsis and Cyanospira) may again not necessarily be in agreement with their assignment to three different genera.
Cylindrospermopsis raciborskii is the only planktonic, potentially toxic, heterocystous cyanobacterium that does not group within the major clade containing the five clusters described above. Members of this species were originally assigned to the genus Anabaenopsis (see Rippka et al., 2001) , but the new genus Cylindrospermopsis was created by Seenayya & Subba-Raju (1972) on the basis of the fundamentally different pattern of heterocyst differentiation in members of the former genus. As indicated by the generic epithet, members of Cylindrospermopsis have also been thought to be close to those of Cylindrospermum, since the differentiation of exclusively terminal heterocysts is common to both (Horecka! & Koma! rek, 1979) . The low degree of sequence similarity between Cylindrospermopsis raciborskii AWT205 and Anabaenopsis PCC 9215 (93n3%) is consistent with their generic separation. In contrast, Cylindrospermum PCC 7417 clusters with various strains of Nostoc and Anabaena (Fig. 2) and has only 92n8 % sequence similarity with Cylindrospermopsis raciborskii AWT205, disputing the postulated close relationship between Cylindrospermum and Cylindrospermopsis.
The toxicity (if known) of the strains compared in Fig.  2 is summarized in Table 3 . Cluster I contains strains Planktonic heterocystous cyanobacteria that produce anatoxin-a (Anabaena sp. strain 86 and Anabaena flos-aquae NRC44-1) and non-toxic strains (Aphanizomenon sp. strains 202 and TR183). The toxicity of Aphanizomenon sp. strains PCC 7905 and BC9601 has not yet been examined. Strain PCC 7905 originated from a lake in the Netherlands, and Anabaena flos-aquae NRC44-1 was obtained from a lake in Canada, whereas all other members of this cluster were isolated from Scandinavia (Anabaena sp. strain 86 and Aphanizomenon sp. strain 202 from freshwater lakes in Finland ; Aphanizomenon sp. strains BC9601 and TR183 from the Baltic Sea). The very close phylogenetic relationship between these six strains demonstrates that neither toxicity nor geographical origin are useful taxonomic markers. The same conclusions can be made for members of clusters II, III and IV. Cluster II regroups four isolates of Anabaena circinalis, three originating from Australia and one from Japan (strain NIES 41), but also includes one strain of Anabaena flos-aquae (AWQC112D) from Australia. Two of these produce saxitoxins (A. circinalis AWQ279B and AWT001), two are saxitoxin-negative (A. circinalis AWQC306A and A. flos-aquae AWQC112D) and the toxicity of strain NIES 41 is unknown. Cluster III contains isolates that produce the hepatotoxin microcystin (Anabaena sp. strains 66A and 90, and A. lemmermannii NIVA-CYA 83\1) and originating from Scandinavia, but also includes Anabaena flos-aquae PCC 9302, which, based on its strain history, was isolated from a lake in Canada and produces the neurotoxin anatoxin-a(s) (Carmichael & Gorham, 1978) . In cluster IV, three strains of Nodularia (NSPI-05, PCC 9350 and PCC 7804) produce the hepatotoxin nodularin, strain PCC 73104 is non-toxic and the toxicity of strain BCNOD9427 is unknown. Again, this cluster regroups isolates from Australia (NSPI-05), Canada (PCC 73104), France (PCC 7804) and the Baltic Sea (BCNOD9427 and PCC 9350). As shown in Fig. 2 , the Australian strain Nodularia sp. NSPI-05 has a very high degree of sequence similarity with one of the Baltic Sea isolates (BCNOD9427). These analyses clearly demonstrate that it is impossible on the basis of 16S rDNA sequences to distinguish toxic or non-toxic cyanobacteria or organisms from different geographical regions, and they thus contradict previous conclusions concerning the value of these markers (Beltran & Neilan, 2000 ; Lehtima$ ki et al., 2000 ; Moffitt et al., 2001 ).
Members of both clusters IV and V, however, share certain features that may be of significance. Most strains of Nodularia were found in environments of high salinity or high pH (Bolch et al., 1999 ; Rippka et al., 2001) , as were the two strains of Cyanospira and three of the four Anabaenopsis isolates (Rippka et al., 2001) examined in the present study. Strains of these three genera cluster together in the phylogenetic tree (Figs 2 and 5), and the PCC strains studied, with the exception of Anabaenopsis PCC 9608, all show a relatively high salt tolerance (Table 1) , distinguishing them from their freshwater relatives and suggesting a relationship between habitat and phylogenetic position. However, this again does not appear to be a general rule, since Aphanizomenon strains BC9601 and TR183, isolated from the Baltic Sea (Barker et al., 2000 ; Lyra et al., 2001) are not separated phylogenetically from freshwater isolates of Aphanizomenon (PCC 7905) or Anabaena (strains NRC44-1 and 86) (Fig. 2) . A second feature of potential importance is the ability of all PCC strains of Anabaenopsis, Cyanospira and Nodularia to support more elevated temperatures than the Anabaena and Aphanizomenon strains examined (Table 1) .
Using a larger set of strains than that studied by 16S rDNA sequence analysis, we have shown by RFLP that cyanobacteria assigned in the PCC to Aphanizomenon flos-aquae, Anabaena flos-aquae, Anabaenopsis, Cyanospira and Nodularia appear to each form a distinct cluster (Fig. 5) , consistent with their positions in trees inferred from the 16S rDNA sequences. However, in view of morphological similarities, their close phylogenetic relatedness revealed by sequence analysis and their clustering in the 16S rDNA RFLP analysis, it is not possible at present to justify the generic separation of strains assigned to Anabaena flos-aquae and Aphanizomenon flos-aquae. Lyra et al. (1997 Lyra et al. ( , 2001 and Lehtima$ ki et al. (2000) also found close relationships between strains of Anabaena and Aphanizomenon in a 16S rDNA RFLP study. However, Nodularia PCC 73104 was found to group with strains of the genus Nostoc, including the atypical Nostoc sp. PCC 7120, although sequence analyses (Lehtima$ ki et al., 2000 ; Lyra et al., 2001 ) demonstrated that Nodularia strains clustered more closely with members of the genera Anabaena and Aphanizomenon, which is in better agreement with the RFLP studies presented here. It therefore seems essential to employ a suitable set of restriction enzymes, which can be chosen by examination of the large number of 16S rDNA sequences now available, in order to permit a higher level of discrimination.
All planktonic heterocystous cyanobacteria examined contain several ITS regions of different length (Fig. 4) , confirming the genetic heterogeneity of their rrn operons. In contrast, the two rrn operons of Synechocystis PCC 6803 contain ITS regions of identical size, consistent with the genome sequence (Kaneko et al., 1996) . Variability in size of the ITS has been examined in detail in Nostoc PCC 7120, where the longer and shorter ITS regions were shown to be similar in sequence except for the presence and absence, respectively, of two tRNA genes (Iteman et al., 2000) . Such differences in length of the multiple ITS regions within individual heterocystous cyanobacterial strains appear to be very common (Lu et al., 1997 ; Neilan et al., 1997 ; West & Adams, 1997 ; Barker et al., 1999 ; Boyer et al., 2001) , and have also been observed in other bacteria such as Corynebacterium and Streptomyces (Aubel et al., 1997 ; Hain et al., 1997) . The ITS patterns of the planktonic strains examined (Fig. 4) were useful in permitting discrimination between strains of Anabaena flos-aquae that were identical in RFLP analysis of the 16S rDNA amplicons, and separated Anabaenopsis PCC 9420 from its three relatives (strains PCC 9215, PCC 9216 and PCC 9608) . Although the ITS patterns of the two strains of On: Thu, 13 Dec 2018 05:44:02
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Cyanospira were identical, they were clearly different from those of the four Anabaenopsis strains, their closest relatives revealed by RFLP analysis of the 16S rDNA. The size of the different ITS regions is thus a useful additional taxonomic character but, as in the case of Aphanizomenon PCC 7905 and Nostoc PCC 7120, which shared an almost identical ITS banding pattern, it may in some cases not permit the distinction between unrelated organisms.
We have also demonstrated by ribotyping that all the heterocystous strains studied contain up to five rrn operons (Fig. 3) , consistent with the multiple operons observed in Anabaena strain CA and Anabaena cylindrica CCAP 1403\2a (PCC 7122) by Nichols et al. (1982) and in Nostoc PCC 7120 (Ligon et al., 1991) . The two members of the genus Cyanospira, which were indistinguishable by RFLP analysis of the 16S rDNA and whose ITS patterns were identical, were clearly separated by ribotyping, as were the Anabaena flos-aquae strains, whose ITS patterns differed but were identical in RFLP analyses. The four members of Anabaenopsis, only partially separated by ITS and RFLP studies, were again distinguished by their ribotypes. The ribotype patterns of individual strains of the same genus, revealing sequence differences in the regions outside of the 16S rDNA, are therefore highly discriminative markers.
We have demonstrated sequence heterogeneity within the 16S rRNA genes of the multiple ribosomal operons of Anabaena flos-aquae PCC 9302. This was first suggested by RFLP analysis, where restriction with RsaI produced bands whose total size exceeded the length of the amplicon, and was confirmed by sequencing a short region of 14 individual 16S rDNA clones. Two distinct sequences were determined, the differences between them corresponding to five transitions (A G or C T) and one transversion (A T) (Fig. 6 ). This high frequency of transitional substitution suggests that the origin of the intragenomic heterogeneity in the 16S rRNA genes is due to mutation rather than to horizontal gene transfer (Gojobori et al., 1982 ; Ueda et al., 1999) . Sequence heterogeneity within the 16S rRNA genes of individual planktonic heterocystous cyanobacteria appears to be widespread, since the RFLP data (Table 4) indicate its probable occurrence in 10 of the 11 strains examined. Interestingly, the RFLP patterns (Lyra et al., 1997) of Anabaena sp. strain 90, the nearest relative of strain PCC 9302 (Fig. 2) , did not reveal such heterogeneity following digestion with RsaI, whereas digestion of Anabaena sp. strain 66A with MspI produced bands (approximate total of 1750 bp) in excess of the expected 1500 bp (see Fig. 2 in Lyra et al., 1997) , although the authors did not comment on this discrepancy. Such heterogeneity has been observed only rarely in other prokaryotes, such as Haloarcula marismortui (Mylvaganam & Dennis, 1992 ; Dennis et al., 1998) , E. coli (Cilia et al., 1996 ; Martinez-Murcia et al., 1999) , Paenibacillus polymyxa (Nu$ bel et al., 1996) , Thermobispora bispora (Wang et al., 1997) and Phormium yellow leaf phytoplasma (Liefting et al., 1996) but in fact is probably more common, as reported by Clayton et al. (1995) . As previously shown for other organisms (Clayton et al., 1995 ; Yap et al., 1999) , intragenomic 16S rDNA sequence heterogeneity has implications for the inference of phylogenetic relationships of planktonic heterocystous cyanobacteria (Fig. 7) .
